We present an integrated three-dimensional (3D) spillway model where the realistic and complicated river terrain is implemented by the platform CATIA (Computer Aided Three Dimensional Interactive Application). This integrated 3D spillway model allows for complicated topographic and geomorphic conditions and describes the spatial distribution of the spillway dam (upstream reservoir, downstream river channel and the spillway dam itself) precisely, thus making it a real alternative to the physical model. Furthermore, this model provides the premise and possibility of a full-scale simulation of the spillway flow, that is, it can not only be used to study the hydraulics on the spillway face, but also can be used to study the hydraulics along the downstream river channel and estimate the scour problem associated with both the spillway flow and downstream river channel. In this model, turbulence was simulated using RNG kÀε equations. The flow velocity and surface pressure from the numerical model were verified by the data from experiments. Moreover, the river flow was studied and flow velocities downstream were obtained. The scour formed downstream of a ski-jump was also studied in this study on the location and shape of a scour hole. In all, this study provides new approaches for solving relevant hydraulic engineering problems.
INTRODUCTION
The spillway dam is both a water-retaining and discharge structure, which requires a sufficient discharge capacity to ensure smooth flow through the dam surface (Kermani et al. ) . The vibration and cavitation of the dam must be avoided. In addition, for the safety of the dam, the river-bed scour by the discharge flow must be controlled. When planning and designing a spillway dam in practice, there are two methods without exception: one is the physical model hydrodynamics (Husain et al. ) . However, these studies focused on two-dimensional (2D) models and failed to capture the three-dimensional (3D) flow structures. Dargahi Motivated by these, in the current research, we present a 3D spillway model with realistic river terrain which was performed using an available 3D modeling software (CATIA).
The 3D flow structure and downstream scour were then studied using Flow 3D software.
The main contributions of this work are as follows:
1. As the precision of models is a central issue of modeling, the realistic and complicated river terrain was implemented and integrated in a 3D spillway model for the numerical simulation of turbulent flow and the whole modeling process was presented in detail. This spillway model considering river terrain enables the actual project to be described well, including the upstream reservoir, downstream river channel and the spillway dam itself.
2. This model provides the premise and possibility of a fullscale simulation of the spillway flow. Not only hydraulic parameters on the spillway face were studied, but also the river flow characteristics and the estimation of scour below the spillway dam were analyzed. The latter fully considered the effect of the released flow on the river channel downstream; as a result, the simulation results are of greater guiding significance and this study is more valuable in engineering application.
3. The simulation results were compared with that of the physical model and satisfactory agreement demonstrates the model's reliability.
METHODOLOGY Turbulent model
The RNG k À ε turbulence model has known advantages when the flow has a high strain ratio and large streamline curvature and has been proved to be better suited to the detailed separated areas than the standard k À ε model (Hargreaves et al. ; Rahimzadeh et al. ) . This is why we chose this model in the study. The governing equations include the continuity equation, the momentum equations, and the k and ε equations:
where, U is the fluid velocity; A and V F are the area and volume fractional, respectively; ρ is the fluid density; P is the fluid pressure; F includes body and viscous forces. The term k is the turbulent energy; G T is the turbulence production by fluid flotation; P T is the turbulence produced by the velocity gradient; ε is the turbulence dissipation rate; Diff T and Diff ε are the turbulence diffusion terms;
CDIS1, CDIS2 and CDIS3 are experience coefficients without dimension.
Sediment scour model
This model enables simulation of the behavior of sediment particles and estimation of sediment erosion, advection and deposition. The momentum equation used to express the sediment motion and fluid-sediment mixture behavior can be expressed as (Flow Science Inc. ):
where, U s,i is the velocity of sediment species i; ρ s,i is the sediment density; f s,i is the volume fraction of sediment species i, i.e. the ratio of sediment volume to total volume; K i is the drag function; U r,i and U are the relative velocity and the mean velocity respectively, which can be written as:
where, N is the total number of sediment species. Subtracting Equation (6) from Equation (5) gives:
where, U drift,i ¼ U s,i À U is the drift velocity, which can be solved simultaneously by Equations (7) and (8):
And the mixture density ρ is
Assuming that the motion of the sediment is nearly steady at the scale of the computational time and neglecting the advection term in Equation (9), we have
For most problems, the ratio of pressure gradient to mixture density is typically treated as equal to the acceleration of gravity g, then Equation (12) can be simplified as:
A reliable formula for the drag function K i is
where, d s,i and C D,i are the diameter and the drag coefficient of sediment species i, respectively; μ is the fluid viscosity.
Finally, the drift velocity is computed from Equations (10), (13) and (14).
The entrainment lift velocity of sediment is then computed based on an empirical model proposed by
Mastbergen & Van den Berg ():
where, α i is the entrainment parameter, whose recommended value is 0.018 (Mastbergen & Van den Berg ); n s is the outward pointing normal to the packed bed interface; jjgjj is the magnitude of the gravitational vector;
d s,i is the particle diameter of sediment species i; θ cr,i is the critical Shields parameter; d Ã is the dimensionless mean particle diameter and θ i is the local Shields number:
where, μ is the viscosity; τ is the local shear stress. The critical Shields parameter θ cr,i is computed based on the Shield-Rouse equation (Guo ):
where, R Ã i is the dimensionless parameter and can be obtained from:
The critical Shields parameter is then modified by the effects of armoring (Kleinhans ) and further modified for sloping surfaces to include the angle of repose:
where, β is the computed angle of the packed interface normal relative to the gravitational vector; φ i is the userdefined angle of repose for sediment species i and ψ is the angle between the flow and the upslope direction. d 50 is the local mean particle size.
3D MATHEMATICAL MODEL WITH REALISTIC TERRAIN
Generation of 3D spillway dam with realistic river terrain In this work, flow over Yujiahe spillway dam, located at Enshi City in China, was studied, the 3D spillway modeling was generated using CATIA, and the main procedures were as follows:
(1) Convert the topographic contour data into point cloud data, which can then be imported into CATIA and modified by filtering and deleting the wrong points (Figure 1(a) ).
(2) Mesh on the surface ground and the shaped surface can be generated, as is shown in Figure 1 spillway dam is shown in Figure 1(g) , where the red region was excavated for the subsequent erosion analysis.
Grid sensitivity analysis
As we all know, the simulation results are sensitive to the grid quality. Therefore, the grid sizes that meet the demands of calculation precision and efficiency should be decided properly. Motivated by this, the sensitivity analysis of grid size and quality was studied ( when the grid size was further reduced to 1.2 cm, the flow regime had no significant difference to that of the spillway model gridded at 1.5 cm.
Based on the research requirement, eight measuring points on the spillway dam surface were designed for the experiment, and the corresponding arrangement is shown in and 4(c) plot the velocity and pressure as a function of grid size. It can be seen that both curves of velocity and pressure change obviously when the grid size ranges from 3.3 cm to 2.0 cm, and both parameters reach steady levels without significant change when the grid size is reduced to 1.5 cm.
As discussed above, when the grid size is reduced to 1.5 cm and 1.2 cm, the model reconstruction agrees well with the actual project and satisfactory simulation results are achieved. The computation time would grow considerably when the grid size is reduced from 1.5 cm to 1.2 cm.
Therefore, the grid size of the whole model was decided as 1.5 cm and the total quantity of grid elements in the domain is about 8 million. According to the physical model, three simulation schemes were performed and one (flow discharge of 59.9 L/s and downstream water elevation of 8.303 m) was taken as the example to be presented here.
The flow volume into the upstream boundary is set as Q of 59.9 L/s and water elevation of 8.303 m is specified at the 
RESULTS AND DISCUSSION
Pressure on spillway dam 
Estimation of scour below spillway dam and downstream river velocity distribution
The domain for the 3D scour simulation is the red region in Figure 1 (g). The median particle diameter is set to 2.0 cm; the repose angle is 33 W ; and the critical Shields number is 0.042. In addition, we can find that the velocity increased when flow passed through the river bend (Section 3), especially at the left bank, where the velocity reached 1.2 m/s which equates to more than 9 m/s of the prototype model. This increasing flow velocity may result in side slope erosion, thus threatening the slope stability. Therefore, these results provide a scientific basis for protecting slopes from streams eroding.
CONCLUSIONS
(1) The realistic and complicated river terrain was implemented and integrated in the 3D Yujiahe spillway model based on CATIA. This integrated modeling enables description of the interactions between the spillway flow and the river terrain in the simulation, thus a full-scale simulation can be performed over the whole process of water discharge from upstream reservoir to downstream river channel. What's more, informative and satisfactory results make the model calibration more efficient and accurate, and provide a powerful modeling approach for relevant research. Grid sensitivity to the simulation results was conducted and thus the conclusion is drawn that grid quality and size do have great impact on the results, and a grid size of 1.5 cm was decided on in our study. 
